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Abstract: In semi-arid southern Kenya, climate change is putting rainfed agriculture at risk with major
implications for food security. The zai pit, a Climate-Smart Agriculture (CSA) technique, has proven
to enhance yields in arid regions, but its labor demands have limited adoption rates. This study
assessed how the zai pit depth and manure application within zai pits influenced maize (Zea mays)
success (i.e., growth, development, and productivity). Three zai pit treatments were prepared at the
Wildlife Works Research Center in southeastern Kenya: (1) deep (50 cm) with manure; (2) shallow
(25 cm) with manure; and (3) deep (50 cm) without manure, and all were compared to a non-zai pit
control (surface planting). Maize growth/development (e.g., height, stage, roots) and productivity
(e.g., yield) measurements were taken over two growing periods. For most measures, shallow zai
pits performed equally as well as deep zai pits, with both performing better than the control. Zai pits
without manure performed significantly worse than zai pits with manure, oftentimes not differing
from the control. Results suggest that maize success is influenced more by manure than the depth of
the pit. Kenyan farmers are encouraged to dig shallower, manure-enriched zai pits to enhance food
security in response to climate change.

Keywords: rainfed agriculture; climate change; soil fertility; Zea mays; food security; sub-Saharan Africa

1. Introduction

Throughout sub-Saharan Africa, agriculture is the largest source of food, income, and
employment [1], yet observed crop yields are one third of the predicted maximum [2], and
productivity has remained stagnant over the past 50 years [3]. Over 60 percent of the human
population in Africa experiences moderate to severe food insecurity, while nearly 20 percent
of the population is undernourished [4]. Rapid human population growth [5] is projected
to increase these rates [6], emphasizing the need to enhance agricultural productivity.

Climate change is a major threat to agricultural productivity in sub-Saharan Africa [7],
where most crops are rainfed and are therefore jeopardized by changes in seasonal rainfall
variability [1,8]. In Kenya, arid and semi-arid lands (ASALs), which constitute nearly
80 percent of the country, are characterized by high climatic variability, water scarcity, and
poor soil fertility [9,10]. Over the past several decades, the ASALs of southern Kenya have
experienced decreasing amounts of annual precipitation [11], and droughts are becoming
more frequent and intense [12,13]. Given the large role agriculture plays in the survival
and economic stability of the Kenyan population (e.g., one third of gross domestic product,
employs over 40 percent of the population and 70 percent of the rural population) [14,15],
the effects of climate change on agriculture could put millions of lives and livelihoods
at risk.

A strategy that addresses the challenges of climate change and food insecurity is
Climate-Smart Agriculture (CSA). The three primary goals of CSA are (1) sustainably
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increasing agricultural productivity; (2) building resilience to climate change by reducing
vulnerability and increasing adaptive capacity; and (3) reducing greenhouse gas emissions
associated with agriculture [16,17]. CSA encompasses a wide variety of site-specific tech-
nologies and practices while also considering the outcomes, trade-offs, and socio-ecological
implications of interventions beyond the farm level [16,18]. In Kenya, since the main food
staples are unirrigated crops such as maize (Zea mays) [19], CSA techniques that enhance
water and soil conservation are essential to boost crop productivity in response to climate
change and reduce vulnerability to food insecurity [20-23].

One CSA technique that improves rainfall retention and soil fertility in crop fields is
the zai pit, which is an ancestral, indigenous technique used in sub-Saharan Africa. Zai pits
augment the water infiltration of crusted soils via holes/basins dug in the soil for planting
crops (Figure 1). Depending on the crop being grown, these holes can vary 20-60 cm
in diameter and 10-60 cm in depth [24-26]. For maize production in Kenya, zai pits are
traditionally square shaped with a length and width of 60 cm, depth of 60 cm, and spacing
of 60 cm between pits [8,27,28] (Figure 1). The excavated topsoil is commonly mixed with
manure, vegetative material, and/or other nutrient additives before being filled back into
the pit [29-31], increasing soil fertility and water retention [24,26,28]. By integrating the soil
amendments into each pit rather than depositing them on the surface, they are less likely
to be lost to runoff [31]. The remaining excavated subsoil is typically formed into ridges
down-slope of the pit to maximize the capture of runoff [24]. Overall, benefits of zai pits
include improved water use efficiency, improved soil water-holding capacity, and enhanced
plant uptake of soil nutrients such as nitrogen, phosphorus, and potassium, all leading
to increased crop yields [26,32]. The main downside is that zai pits are labor intensive
and highly demanding during construction; however, a zai pit field can subsequently last
multiple growing seasons with little maintenance [28].

Figure 1. A zai pit planted with maize (corn).

The labor associated with zai pits has discouraged their adoption on a large scale [33,34].
Smallholder farmers in Kenya often dig a few zai pits near their homesteads but do not
expand this technique to their agricultural fields, as it takes up to 450 h/hectare to dig the
pits by hand [35]. Notably, most Kenyan farmers lack agricultural machinery and therefore
prepare their fields by hand or by livestock-drawn plow [36-38]. Given that zai pits have
been shown to increase crop yields by 250-1000% in some instances [24,33,35], finding ways
to decrease the labor demands of this technique could increase their usage and therefore
have large implications for food security.

To confirm the overall success (i.e., crop growth, development, and productivity) of
the zai pit technique, maize grown in traditional zai pits was compared to maize grown
via traditional surface planting. We hypothesized that maize growth, development, and
productivity within zai pits will be better compared to maize grown using surface planting.

The main objectives of this study were to assess maize growth, development, and
productivity in response to (1) zai pit depth; and (2) the use of manure in zai pits. These
objectives address the labor concerns associated with zai pits by assessing whether farmers
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need to dig as deep as they have traditionally. If depth matters, then maize will grow better
in deep compared to shallow zai pits. If manure matters, then maize will grow better in zai
pits with manure compared to zai pits lacking manure.

2. Materials and Methods
2.1. Study Area

This study took place at the Wildlife Works Research Center, which is an area enclosed
by electric fencing to exclude large wildlife within the Rukinga Wildlife Sanctuary (RWS).
The RWS is situated within the Kasigau Wildlife Corridor (KWC), which is a vital link
between Tsavo East and Tsavo West National Parks in southeastern Kenya [39,40] (Figure 2).
The region has an annual rainfall of 300450 mm [41].
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Figure 2. A map of Rukinga Wildlife Sanctuary (RWS) situated within the Kasigau Wildlife Corridor
(KWCQ) in southern Kenya. The study took place at the Wildlife Works Research Center situated
within the RWS (purple dot). Zoomed-out panels of the study site on the left are from Vaccaro and
Schulte [42], while the base for the KWC panel on the right is from Von Hagen et al. [43] (maps used
with permission).

2.2. Experimental Design

In May of 2023, a 9 m by 5 m experimental field containing a seven-by-four grid of
square plots (n = 28 plots) was prepared (Figure 3). All plots were 60 cm by 60 cm and
spaced 60 cm apart, as they are traditionally structured by farmers in the study area when
digging zai pits [26,28]. Three treatments were established within this field: 50 cm deep
zai pits with manure (“deep”), 25 cm deep zai pits with manure (“shallow”), and non-zai
pit surface planting plots (0 cm, no manure, “control”). Deep zai pits were 50 cm rather
than the traditional 60 cm due to difficulty reaching 60 cm during excavation (Figure 4). To
account for environmental variation within the field (primarily shade), treatments were
arranged in the field using a modified Latin square design (as the field was not a square)
so that at least two of each treatment occurred per row and at least one of each treatment
occurred per column. The sample size for each treatment was n = 9 with one leftover plot
designated as a test plot that was not included in analyses (Figure 3). In August of 2023, a
second experimental field was prepared approximately 4 m adjacent to the first field. This
8 m by 2 m field contained six plots, arranged in a single row, with the same dimensions
as those in the first field. These plots comprised a fourth treatment: 50 cm deep zai pits
without manure (“no manure”) (Figure 3).
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Figure 3. The experimental design for both experimental fields. Each box correlates to a plot.
“DZ” = deep zai pits (50 cm), “SZ” = shallow zai pits (25 cm), “C” = control plots (0 cm), “No
M” = deep zai pits (50 cm) without manure, and “Test” = a test plot (excluded). Spacing between
plots and between fields is not to scale; plots were 60 cm by 60 cm and spaced 60 cm apart while the
fields were separated by 4 m.

Figure 4. The dimensions of a deep zai pit (a) and the components of a zai pit (b). Topsoil and manure
were mixed at a 4:1 ratio before being filled into the pit atop a layer of vegetative material.

For all zai pits, the bottom of the pit was covered with a layer (ca. 2—4 c¢m) of grass
collected from the research center. For zai pits with manure (deep and shallow treatments),
the pit was filled with an integrated mixture of topsoil that was dug out from the pit and
aged goat/cow manure collected from a single farm in the agricultural community of
Sasenyi (Figure 4). The ratio of topsoil to manure was 4:1 as recommended by local farmers.
This equates to roughly 4 kg and 8 kg of manure per shallow and deep zai pit, respectively.
For zai pits without manure, only the excavated topsoil and subsoil were filled back into
the pit. All zai pits were filled almost to surface level, leaving approximately 2—4 cm of
indentation for water to accumulate after rain or watering. For the control plots, the soil
surface was hoed (ca. 2-4 cm deep) to break up the soil; manure and vegetative material
were not added. After all plots had been prepared and filled, nine maize seeds were planted
per plot with two seeds per corner and one in the center in accordance with the traditional
practices of farmers in the study area. Seeds were “SC Duma 43” variety rated “very early
maturity” [44], and they were planted 2-4 cm deep and watered immediately after planting.
Each plot was watered roughly twice per week throughout the growing period with 5 L of
water per watering to ensure plants stayed alive. Following rain, plants were not watered
until they showed signs of stress, such as leaf rolling [45].

Data collection took place over two growing periods (1: 31 May-20 August,
2: 30 August-2 December 2023) for the first field (n = 28), and one growing period (30
August-2 December) for the second field (1 = 6). Extensive baboon crop foraging took place
in July and August, preventing the collection of yield data for the first growing period.
In between growing periods, all plants were uprooted and removed, fences surrounding
both fields were strengthened, and no further raiding by baboons occurred. Planting
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and watering methods were the same for each growing period. However, unlike the first
growing period, rain in October and November sustained the plants, such that additional
watering was rare.

2.3. Maize Measurements

To assess maize growth and development over time among treatments, the height
and stage measurements of each plant were taken roughly twice per week. Height was
measured from the soil surface to the apex of the tallest leaf with a curve [46]. As height is
not always reflective of plant development [46], a staging system was also used. When in
its vegetative (immature) state, a maize plant is staged by counting the number of leaves
with a collar, which is a visible crease in the leaf blade near the base where it bends away
from the stalk [47,48]. A newly emerged plant without any leaf collars is staged as “VE”.
Afterwards, the stage is listed as “V” plus the number of leaves with collars (e.g., V1, V2,
V3...Vn) [48]. The last vegetative stage occurs when a tassel fully emerges from the top of
the plant (stage VT). A plant becomes reproductively mature once silks start to emerge from
the husks of an ear (stage R1) [49,50]. Upon reaching stage R1, plants were no longer staged,
as assessing later reproductive stages would have required harvesting ears to measure
kernel moisture content [48]. The number of ears was also recorded for any plant that was
R1 up until harvest. As the growing periods progressed, the staging of immature plants
became difficult, as the lower leaves started to senesce and fall off. Therefore, vegetative
stages were only recorded up through week five of development. Plant height continued
to be recorded up until a plant reached stage VT. Plant damage (e.g., leaves, ears, or other
parts consumed; plant knocked over; stalk snapped) was noted at each visit as well as the
species causing the damage (e.g., baboons during the first growing period, armyworms
during both growing periods). If a plant was damaged to the point where it impacted the
height or stage of the plant, the respective measurement(s) was not recorded.

At the end of each growing period, root measurements were taken. The roots of each
plant were shaken to remove attached soil before being laid unstretched on the ground.
Root depth was measured from the start of the above-ground brace roots to the tip of the
longest vertical root. Root ball diameter was measured at the widest point of the widest
side of the main root ball, excluding lone horizontally stretching roots. Combined as a ratio,
the above root measurements were used to characterize root system architecture (RSA) as
three types: shallow type, intermediate type, and deep and steep type [51]. Additionally,
the stem diameter was measured 5 cm up from the top of the brace roots during the second
growing period only.

To assess maize productivity among treatments, measurements were taken to calculate
yields. Again, due to heavy crop damage during the first growing period, yields could only
be measured during the second growing period. All ears were harvested on 2 December
(94 days after planting) regardless of their size or maturity. The number of kernels on each
ear was counted, and two random kernels representative of the average kernel size were
selected from each ear, weighed, and then averaged. Yield per ear (in grams) was then
calculated by multiplying the number of kernels by the average kernel weight. Ears without
kernels—those that were never fertilized or were too immature to have kernels—were
excluded from analyses.

2.4. Statistical Analyses

Statistical analyses were conducted separately for the depth and manure experiments
because the design was unbalanced, disallowing the consideration of an interaction between
depth and manure. Moving forward, the terminology distinguishing these analyses are
“depth” and “manure”. For depth analyses, shallow zai pits (25 cm) were compared to
deep zai pits (50 cm) and non-zai pit control plots (0 cm, no manure). For manure analyses,
deep zai pits without manure (50 cm) were compared to the same deep zai pits (“manure”)
and the control plots used in the depth experiment. The modified Latin square design
of the depth experiment accounted for location (i.e., row, column) and other spatially
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influenced effects like light intensity, and therefore, these variables were not included in
the models below. The manure experiment was only conducted in the second growing
season. Locational effects could not be statistically distinguished from a treatment effect
because the manure and no manure zai pits were in adjacent fields, so these effects were
also excluded from models.

To compare maize growth and development over time among treatments, generalized
linear mixed models (GLMMs) were generated. The independent variable was the number
of days after planting, and the dependent variable was either height or stage. Treatment
was included as a fixed effect interacting with the independent variable to compare growth
rate slopes. Models, regardless of the experiment or the growing period, were the following:
Dependent Variable~Days After Planting x Treatment + (Days After Planting | Plot/Plant).
Plot and plant were random effects, with plant nested within plot to prevent pseudorepli-
cation. An Analysis of Covariance (ANCOVA) was performed between the above models
and reduced models without the interaction term (e.g., Height~Days After Planting +
Treatment) to determine if there were significant differences in slopes among treatments. If
there was a heterogeneity of slopes, pairwise comparisons of slopes were made using a
Tukey HSD test via the package “emmeans” and function “emtrends” in the programming
software R version 4.2.3.

To compare maize growth, development, and productivity measurements at specific
periods of time among treatments, GLMMs were generated. The independent variable
was treatment, and the dependent variables were as follows: height at week eight, stage at
week five, days to reach stage R1, root depth, root ball diameter, RSA ratio (root depth/root
ball diameter), stem diameter, number of kernels per ear, mean kernel weight, and yield
per ear. Models, regardless of the experiment or the growing period, were the following:
Dependent Variable~Treatment + (1|Plot) + (11 Plant). Plot and plant were again random
effects to prevent pseudoreplication. Height values at week eight were used (~day 56),
as this was the last measurement before plants started to tassel and become reproductive.
Stage values at week five were used (~day 37), as this was the last measurement before
leaf senescence made staging difficult. For the depth experiment, models for the following
variables could only be generated for the second growing period due to a lack of data:
days to reach stage R1, stem diameter, number of kernels per ear, mean kernel weight, and
yield per ear. An Analysis of Variance (ANOVA) was conducted for each model to assess
how mean values varied among treatments, which was followed by a Tukey HSD test for
pairwise comparisons. Additionally, an ANOVA and subsequent Tukey HSD test were
conducted on the mean number of viable ears per plant (calculated by dividing the total
number of viable ears in each plot by the number of plants in that plot) among treatments.

For all maize growth, development, and productivity variables, Pearson correlation
tests were conducted, and the results of highly related variables were grouped together in
figures for simplicity.

For all statistical tests, the acceptable family-wise type I error rate was calculated using
Bonferroni correction for multiple comparisons. For both experiments, & = 0.05 was divided
by the total number of variables tested (n = 13), resulting in o« = 0.0038. All statistical tests
were run in R version 4.2.3.

3. Results
3.1. Zai Pit Effectiveness

Over the 13 variables measured, only the mean number of viable ears per plant did
not differ significantly for the depth (F = 3.30, df = 24, p = 0.054) or manure (F = 3.07, df = 21,
p = 0.068) experiments. The remaining 12 variables support the hypothesis that traditional
zai pits improve the growth of maize compared to traditional surface planting (see below).

3.2. Depth Experiment

For 9 of the 13 variables (i.e., height growth rate, height at week eight, stage growth
rate, stage at week five, days to reach stage R1, root ball diameter, number of kernels per
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ear, mean kernel weight, and yield per ear), maize grown in deep zai pits and shallow zai
pits performed similarly with both performing significantly better than maize grown in the
control plots (i.e., [deep = shallow] > control) (Table 1, rows 1-5, 7, 10-12; Figure 5a,b and
Figure 6).

Table 1. Summary of maize growth, development, and productivity variables among treatments
over two growing periods (GPs). Data not collected during the first growing period (GP1) were left
blank. Values are growth rates or means + standard error (SE). Sample size for each treatment was
n =9 plots. All p-values (from ANCOVAs or ANOVAs) across treatments within a GP were less than
0.001, all x% values (ANCOVAs; rows 1, 2) were greater than 64, and all F values (ANOVAs; rows
3-12) were greater than 9, with the exception of row 13 (F = 3.30, p = 0.054). Rows 1 and 2 had df = 2,
while all other rows had df = 21-24. Values within a row with the same superscript letters (e.g., a & a)
were not significantly different at o« = 0.05 (Tukey HSD tests), while values with different superscript
letters (e.g., a & b) were significantly different.

Row Variable Deep GP1 Shallow GP1  Control GP1 Deep GP2 Shallow GP2  Control GP2
1 Height Growth 1462 1412 0.56 P 1.252 1.242 0.73"°
Rate (cm/day) (£0.04) (+0.04) (£0.04) (40.05) (££0.05) (£0.05)
) Stage Growth 0212 0.212 0.15" 0.172 0.172 0.15°
Rate (£0.01) (+0.01) (££0.01) (+0.01) (£0.01) (£0.01)
3 Mean Height 77.24 7422 33.7b 68.62 66.82 40.3P
Week 8 (cm) (£1.5) (£2.2) (+1.1) (£2.2) (£1.8) (+2.1)
4 Mean Stage 6.9 2 6.72 49b 7.12 6.92 55b
Week 5 (£0.1) (£0.1) (£0.1) (£0.1) (+0.1) (£0.1)
5 Mean Days to Reach 7033 70472 76.3 P
Stage R1 (£0.4) (+0.3) (£0.8)
6 Mean Root 22202 18.78 b 7.84¢ 22682 18.84b 11.18¢
Depth (cm) (£0.66) (40.46) (£0.25) (£0.79) (£0.75) (+0.44)
. Mean Root Ball 8.992 8912 478" 8.812 7974 5.83P
Diameter (cm) (£0.23) (+0.31) (££0.18) (+0.38) (£0.41) (+0.29)
g Mean RSA 252 22b 1.7°¢ 272 242 20b
Ratio (£0.1) (£0.1) (£0.1) (£0.1) (£0.1) (£0.1)
9 Mean Stem 1.642 1.47Pb 098¢
Diameter (cm) (+0.05) (£0.04) (+0.05)
10 Mean # Kernels 11202 85.12 60.1b
Per Ear (+£13.7) (£7.9) (£10.3)
1 Mean Kernel 0.232 0222 0.17P
Weight (g) (+0.01) (£0.01) (+0.01)
1 Mean Yield 26.52 20.12 10.7P
Per Ear (g) (£3.0) (£2.1) (£1.7)
13 Mean # Viable 0.88 4 0.812 0.624
Ears Per Plant (£0.06) (£0.06) (£0.09)

For 2 of the 13 variables (i.e., root depth, stem diameter), maize grown in deep zai pits
performed significantly better than maize grown in shallow zai pits, and both performed
significantly better than maize grown in the control plots (i.e., deep > shallow > control)
(Table 1, rows 6, 9; Figure 5c).

For one of the 13 variables—RSA ratio—during the first growing period, results fit the
pattern deep > shallow > control, while during the second growing period, results fit the
pattern (deep = shallow) > control (Table 1, row 8).
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Figure 5. Maize growth and development measurements by treatment over two growing periods.
(a) Height growth rate (cm/day), (b) height at week eight (cm) with an image showing height
differences at week six (three control plots are highlighted, all others are deep or shallow zai pits),
(c) root depth (cm) with an image showing roots from a deep zai pit (left) versus a control plot (right).
“Deep” refers to 50 cm deep zai pits with manure, “Shallow” refers to 25 cm deep zai pits with
manure, and “Control” refers to non-zai pit surface planting without manure (0 cm). Sample size for
each treatment was n = 9 plots. Error bars are one standard error. Not all variables are shown due to
Pearson correlation coefficients (r) greater than 0.5 and p-values less than 0.05. Variable groupings are
as follows: (1) height growth rate/stage growth rate; (2) height week 8/stage week 5/days to reach
stage R1; (3) root depth/root diameter/RSA /stem diameter.

Control
0cm
Deep e )l
(50 cm) ¢
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Figure 6. Maize productivity (yield) measurements by treatment. Pictures include yields from
two deep zai pits (top left), two shallow zai pits (bottom left), and one control plot (top right). For
reference, the purple pencil is approximately 15 cm, and the piece of paper is roughly the same size
in all images. The bar graph on the (bottom right) shows mean yield per ear; error bars are one
standard error. Yield data are from the second growing period only. Sample size for each treatment
was 1 =9 plots. Not all variables are shown due to Pearson correlation coefficients (r) greater than 0.6
and p-values less than 0.05. The following variables are grouped together: yield per ear/kernels per
ear/kernel weight.
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3.3. Manure Experiment

For 9 of the 13 variables (i.e., height growth rate, height at week eight, stage growth
rate, days to reach stage R1, root ball diameter, stem diameter, number of kernels per ear,
mean kernel weight, and yield per ear), maize grown in zai pits with manure performed
significantly better than maize grown in both zai pits without manure and the control
plots, and maize in zai pits without manure and the control plots performed similarly
(i.e., manure > [no manure = control]) (Table 2, rows 1-3, 5, 7, 9-12; Figure 7a,b,d).

Table 2. Summary of maize growth, development, and productivity variables among treatments.
Data are from the second growing period only. Values are growth rates or means =+ standard error
(SE). Sample size for Manure and Control was n = 9 plots while sample size for No Manure was n = 6
plots. All p-values (from ANCOVAs or ANOVAs) across treatments were less than 0.003, all x2 values
(ANCOVAs; rows 1, 2) were greater than 21, and all F values (ANOVAs; rows 3-12) were greater
than 8 except for row 13 (F = 3.07, p = 0.068). Rows 1 and 2 had df = 2, while all other rows had
df = 17-21. Values within a row with the same superscript letters (e.g., a & a) were not significantly
different at « = 0.05 (Tukey HSD tests), while values with different superscript letters (e.g., a & b)
were significantly different.

Row Variable Manure No Manure Control
1 Height Growth 1.252 0.76 073"
Rate (cm/day) (40.05) (££0.06) (2£0.05)
) Stage Growth 0.172 0.15P 0.15°
Rate (40.01) (0.01) (£0.01)
3 Mean Height 68.62 434" 40.3°
Week 8 (cm) (£2.2) (+1.8) (£2.1)
4 Mean Stage 714 59b 55¢
Week 5 (£0.1) (£0.1) (£0.1)
5 Mean Days to Reach 70.31 76.7 P 76.3 P
Stage R1 (£0.4) (+1.4) (£0.8)
P Mean Root 22.682 15.83b 11.18
Depth (cm) (£0.79) (0.38) (£0.44)
. Mean Root Ball 8.812 5.80P 5.83P
Diameter (cm) (£0.38) (£0.42) (£0.29)
8 Mean RSA 274 284 20b
Ratio (£0.1) (£0.1) (£0.1)
9 Mean Stem 1.642 1.02P 0.98P
Diameter (cm) (£0.05) (£0.03) (£0.05)
10 Mean # Kernels 112.02 68.5P 60.1P
Per Ear (+£13.7) (£7.6) (£10.3)
1 Mean Kernel 0.232 0.15b 0.17°
Weight (g) (+0.01) (£0.01) (£0.01)
1 Mean Yield 2654 11.0° 10.7P
Per Ear (g) (£3.0) (£1.5) (£1.7)
13 Mean # Viable 0.88 4 0.802 0.622
Ears Per Plant (£0.06) (£0.06) (£0.09)

For 2 of the 13 variables (i.e., stage at week five, root depth), maize grown in zai
pits with manure performed significantly better than maize grown in zai pits without
manure, and both performed significantly better than maize grown in the control plots
(i.e., manure > no manure > control) (Table 2, rows 4, 6; Figure 7c).
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For 1 of the 13 variables—RSA ratio—maize grown in zai pits with manure and zai
pits without manure performed similarly, with both performing significantly better than
maize grown in the control plots (i.e., [manure = no manure] > control) (Table 2, row 8).

(@)
Height
Growth

Rate

(©)
Root
Depth

(b)
Height
Week 8

Average Height (cm)
> 3 3
Average Height Week 8 (cm)

Treatment

— Manure
—_ No Manure
— Control

20 40 60 Ma ' e No P.‘:!” ure C
Days After Planting Treatment

(d)
Yield
Per Ear

HH

Averge Root Depth (cm)
Average Yield (g) / Ear

Manure o

0- Treatment
Manure  NoManure  Contro
Treatment

Figure 7. Maize growth, development and productivity measurements by treatment. (a) Height
growth rate (cm/day), (b) height at week eight (cm), (c) root depth (cm), (d) yield per ear (g).
“Manure” refers to 50 cm deep zai pits with manure, “No Manure” refers to 50 cm deep zai pits
without manure, and “Control” refers to non-zai pit surface planting without manure (0 cm). All
figures were generated from data from the second growing period only. Sample size for Manure
and Control was n = 9 plots, while sample size for No Manure was n = 6 plots. Error bars are one
standard error. Not all variables are shown due to Pearson correlation coefficients (r) greater than 0.5
and p-values less than 0.05. Variable groupings are as follows: (1) height growth rate/stage growth
rate; (2) height week 8/stage week 5/days to reach stage R1; (3) root depth/root diameter/RSA /stem
diameter; (4) yield per ear/kernels per ear/kernel weight.

4. Discussion

The results of this study showed that zai pits are a superior means of growing maize
compared to surface planting at our study site, supporting the findings of previous re-
search [24,29,31-34]. Our primary objectives were to assess if zai pit functionality was
retained in shallower zai pits and in zai pits without manure, as both these features add
to the labor of constructing zai pits. Our findings indicate that shallower zai pits can be
just as effective as deeper ones and that manure at least in deeper zai pits is essential for
improving maize growth compared to surface planting. Thus, in our study, maize growth,
development, and productivity in zai pits was influenced more by manure than depth.
Based on our findings, we encourage farmers to dig shallower (25 cm) compared to the
traditional (50 cm) zai pits and retain the use of manure.

Regardless of the agricultural technique used, the application of animal manure has been
shown to increase crop growth, development, and productivity compared to non-manure
counterparts [52]. Zai pits with manure have produced larger yields and have increased
plant growth in sorghum (Sorghum) [20,30,34], pearl millet (Pennisetum glaucum) [53], cow-
peas (Vigna unguiculata) [31], and maize [32] compared to zai pits without manure. These
differences in yields are largely due to enhanced soil fertility and structure [20,25,29,54].
In addition to improving soil nutrient concentrations, manure improves soil water reten-
tion [55,56], so manure use in zai pits likely builds upon the existing water-saving structural
components of the pit. The moist environment of zai pits favors microbe decomposition
and nutrient release in manure, increasing the value of the manure (compared to surface
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application) and emphasizing the mutualistic zai-manure relationship [57]. In the present
study, plants grown in zai pits with manure not only had higher yields than zai pits without
manure, but they also reached reproductive maturity six days earlier on average. Farmers
in the region prefer crops that reach maturity faster and can be harvested sooner, as these
crops are less likely to succumb to prolonged drought [58] or foraging by wildlife such as
elephants [59-61].

To the average Kenyan farmer, yields matter more than growth and development, as
yields correlate to food availability and income [62]. Zai pit depth (25 cm vs. 50 cm) did not
influence maize yields, which is supported by Oduor et al. [31], who found no significant
difference in cowpea yields between 30 cm, 45 cm, and 60 cm zai pits. A threshold likely
exists for the benefits of depth, as deeper zai pits (e.g., 50-60 cm) can store water for longer,
but they risk being waterlogged, which can lead to increased leaching of soil nutrients
and impact crop success [31]. Depending on the soil qualities and precipitation levels of a
region, depth might be more or less important. Future studies could assess progressively
shallower zai pits (e.g., 20 cm, 10 cm, 5 cm) with manure to see if a threshold depth for
maize growth, development, and productivity exists in the study region.

Root measurements were one of the few variables that were significantly different
between deep and shallow zai pits. Deep zai pits had longer roots in both growing
periods and a larger RSA ratio in growing period one, indicating that these roots are
more representative of the “deep and steep” RSA category [51]. In addition to acquiring
otherwise inaccessible water, deeper roots uptake more nitrogen [63,64], which can increase
yields in arid areas with nutrient-poor soils [65]; however, this was not supported by this
study. Additionally, the roots in deep zai pits did not utilize the full depth of the pit (50 cm;
mean root depth was ~22 cm), suggesting that digging to 50 cm was unnecessary. However,
by regularly watering plants in this study (twice per week in growing period one), roots
likely did not have to grow as deep into the soil as they would have under less predictable
conditions with higher water stress [66]. Given the arid conditions of the study area and
the increased frequency of droughts [11,41], future studies could assess whether shallow
zai pits perform just as well during the growing season without supplemental watering.

The battle with zai pits involves balancing their effectiveness with their affordability
and practicality. This study suggests that farmers do not need to dig as deep, which would
improve the practicality of the technique by reducing time and labor. Farmers state that the
biggest challenge of using zai pits is labor, as most lack machinery [38], household labor, or
the capital to hire labor [28]. Women may be less attracted to zai pit use because of their
commitment to non-farm activities such as cooking, raising children, and collecting water
and firewood [28]. By digging 25 cm deep zai pits with manure, more pits can be dug while
still achieving the enhanced yields associated with the technique. Any marginal increase
in the use of zai pits can have a large positive impact on local food security, and the total
monetary benefits of zai pits with manure greatly outweigh the costs [34]. Additionally,
zai pits can last multiple growing seasons (up to four to six seasons, or 2-3 years) with
little maintenance, so the high labor costs of this technique do not need to be incurred
every growing season [28,67]. Another factor that influences zai pit adoption is whether a
farmer is a member of a social group such as a farming organization [28]. Zai pits are more
practical when undertaken by a group of farmers rather than individuals, as more pits can
be dug per unit time [24].

Manure availability must also be considered when assessing the affordability and
practicality of zai pits. Over two thirds of Kenyan farmers own livestock [68,69], so the
implementation of manure-enriched zai pits on a large scale is possible but would likely
require sharing between farmers in a community. The adoption of shallow zai pits will
save resources and be more economical than deep zai pits, as half of the amount of manure
is needed for the same number of plants. Overall, the integration of manure in shallow zai
pits is more sustainable and less wasteful than conventional manure applications, which
involve simply broadcasting it on top of a field; much of this manure becomes baked or
is washed away, and nutrients are often not concentrated where plants can use them [25].
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Excessive manure use should be avoided, as nutrient losses by leaching occur when nutrient
release exceeds crop nutrient uptake [57]. Mustapha et al. [30] found that a zai pit manure
application rate of three tons per hectare resulted in significantly higher sorghum yields
than rates of one and two tons per hectare, while Motis et al. [25] report that at least
four tons of manure per hectare of zai pits is needed. For Kenyan soils, regardless of the
agricultural practice, a rate of 2-5 tons of manure per hectare is suggested [70]. As manure
application rates in this study were well above the suggested rate (tenfold, although this is
the rate farmers use in the study area), future studies could assess progressively smaller
rates of manure in zai pits to determine the threshold where maize growth, development
and productivity are impacted by manure availability. To supplement such studies, data on
physical and chemical soil parameters should also be collected to evaluate differences in
soil moisture content and nutrients between different zai pit variants. The availability of
vegetative material for zai pits should also be considered in the future. All zai pits in this
study incorporated vegetative material; however, much like how manure was studied here,
future studies could assess the role of vegetative material on maize growth, development,
and productivity in zai pits.

As maize in the arid and semi-arid lands (ASAL) of Kenya continues to be plagued
by poor soil fertility and climate variability [9,71], zai pits pose a viable solution while
also conserving and valuing indigenous knowledge [72]. Sustainable manure applica-
tion within zai pits meets the three goals of CSA by increasing agricultural productivity
and building resilience to climate change while minimizing the environmental impact of
agriculture [16,17]. CSA techniques will become more necessary to improve food security
as human populations continue to grow and climate change progresses [73].
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